In this work we investigate the rheological behaviour of macroscopic buoyant hard spheres dispersed in a shearthinning suspending fluid. We focus on the phenomenological study of the influence of the shear-thinning behaviour of the suspending medium on the effective apparent suspension viscosity at different volume fractions. In the oil industry, the effective viscosity concept is widely used and very useful to quickly characterize a change of viscosity due to an increase of the solid content. Viscosity measurements are compared to the effective viscosity of a suspension of hard spheres in an Ostwald fluid. The power law index of the suspending fluid is shown, both experimentally and theoretically, to influence strongly the volume fraction dependence of the suspension effective viscosity. All experimental results are shown to be quite correctly plotted on a master curve, with only one adjustable parameter, the maximum packing fraction f m . The best fit is obtained for f m = 0.57, corresponding to the theoretical maximum random packing volume fraction.
INTRODUCTION
The flow of complex fluids like solid particles suspensions is encountered in a lot of industrial processes. For instance, in the oil industry, and in particular in the drilling and production area, solids dispersed in liquid phases are present and raise some specific issues [1] . Some other example can be found in process engineering of catalysts carriers [2] or production of food mixture [3] . In the drilling technique, mud flows are used to transport rock cuttings from the bottom of the well to the surface. Nowadays drilling muds are carefully formulated in order to exhibit different useful specific rheological and physicochemical properties such as yield stress, in order to sustain the rock particles under static conditions, controlled viscosity, in order to limit pressure drop, or chemical compatibility with the drilled rocks, in order to limit clay aggregation. This is achieved by mixing different chemical additives (xanthan gum, guar, starch, carboxymethyl cellulose, …) with a base fluid, water or oil. While drilling, the drill bit cuts the rock and the drilling mud is charged with solid particles. The effective viscosity increases, leading to an increase of the bottom hole pressure. In a first approximation, the cuttings and the mud can be considered as an equivalent fluid medium, with increased viscosity compared to the base fluid; this approach is indeed very convenient in order to calculate the pressure drop. The point is therefore to have a relevant phenomenological description of the apparent effective viscosity of the mud/cuttings suspension as a function of its solid content.
The flow behaviour of dilute and concentrated noncolloidal suspensions has attracted considerable attention, as reviewed by Jeffrey and Acrivos [4] , Metzner [5] , or Kamal and Mutel [6] . The studies concern the flow behaviour of suspensions of spherical particles of narrow size distribution in either Newtonian or non-Newtonian fluids.
Most works in the field of suspensions in Newtonian fluids deal with the effect of particle volume fraction f on the relative shear viscosity h r , defined as the ratio of the Newtonian viscosity of the suspension to the Newtonian viscosity of the suspending medium. Experimental data from the literature, Rutgers [7] , Thomas [8] , Had-jistamov [9] or Chong et al. [10] , show that f is indeed one of the most relevant parameter to predict the viscous behavior of suspensions of spheres in Newtonian media. Numerous models were proposed to describe the relation between f and h r . Among the most frequently used models, let us cite the theoretical model by Frankel and Acrivos [11] , the phenomenological and empirical models by Eilers [12] , Mooney [13] , Krieger and Dougherty [14] , or Quemada [15] .
As far as suspensions in non-Newtonian fluids are concerned, particle concentration effects on apparent suspension viscosity were shown to be dependent on shear rate: apparent viscosity decreases with increasing shear rate all the more as the solid content is higher, as shown for example by Nicodemo et al. [16] . In order to exhibit solid content effects, relative viscosities computed from suspension and suspending medium viscosities at equal values of shear stress were shown to be relevant quantities [17] . Besides, a work by Mewis and de Bleyser [18] proved that, at sufficiently high shear rates where hydrodynamic interactions prevail, the power law index, characterising the shear-thinning behaviour of the suspension, is only determined by the properties of the suspending medium. This experimental result is in agreement with the analysis of Jarzebski [19] who proposed an extension of the cell theory of Frankel and Acrivos [11] .
In this paper, we focus on the shear-thinning behaviour of suspensions of monodisperse buoyant spherical particles, in relation to the shearthinning behaviour of the suspending fluid. We aim at building a simple phenomenological model able to predict the experimental shear rate and volume fraction dependence of the suspension viscosity for various shear-thinning characteristics of the suspending medium.
MATERIALS AND METHODS

SUSPENDING FLUID
The suspending fluid was prepared by adding a polymer at various concentrations to a mixture of 22 wt% glycerol and 78 wt% water. Glycerol was used as a density controller, in order to fit the suspending fluid density to that of the solid particles, thus assuring the buoyancy of the particles.
The polymer used is a natural semi-flexible polymer, namely Xanthan, with an average molecular weight M w = 2.106 g/mol. Xanthan being an anionic polyelectrolyte, 5 g/l of NaCl was added to screen electrostatic repulsion between charged groups. Moreover 30 ppm of sodium azide was used to prevent bacterial degradation of the Xanthan chains.
The solid particles used in this study are polystyrene particles supplied by Kodak (Rochester USA). The density of the particles is 1.05, and their mean diameter is a = 40 ± 6 μm.
Suspensions were prepared by mixing particles with the suspending fluid under kind agitation. Macroscopic observation of all samples did not show any aggregate. Besides, using a Dohrmann DC80 total carbon analyser, we showed no evidence of adsorption of Xanthan chains on polystyrene particle surface.
METHODS
Three rheometers were used for this study: a Low-Shear 30 Contraves Viscometer for dilute suspensions, a controlled strain rheometer Rheometrics Scientific ARES and a controlled stress rheometer Carri-Med CSL50. All measurements were done at 25°C. When using rotational rheometers, silicon oil was used to prevent samples from water evaporation.
All viscosity values presented in the paper were obtained as steady-state limits of transient viscous responses to steady shear. The state was considered as steady when the viscosity level was seen unchanged for at least 1 min. The study of the transient rheological response of the samples is not presented in the paper, which is only concerned with steady-state responses.
RESULTS
SUSPENDING FLUID VISCOSITY
The apparent flow curves of the different suspending media are presented in Fig. 1 . The water/glycerol mixture without Xanthan is a Newtonian fluid with a viscosity h = 1.8 mPa·s. On adding the polymer, a Newtonian plateau is observed at low shear rates. At larger ones, a shear-thinning behaviour is obtained which is well described by a power law equation: (1) where k is the consistency, n the power law index, t is the shear stress and g · the shear rate. This suspending system is very convenient because the power law index n can be easily controlled by varying the polymer concentration, as illustrated in Fig. 2 .
Four solutions have been prepared, containing 0 ppm, 500 ppm, 1200 ppm, 5000 ppm of xanthan chains , so that a large range of n is available. Table 1 gives the value of the suspending fluid parameters k and n for all Xanthan concentrations. The shear rate range where the power law model is valid is shown in Fig. 3 : in the range 1 to 1000 s -1 , the behaviour is well characterised by Eq. 1.
SUSPENSION VISCOSITY
The suspension flow curves were obtained at three different volume fractions f = 15, 30, and 45 %. Figure 4 to Fig. 7 show the suspension flow curves for the different polymer concentrations investigated (from 0 ppm to 5000 ppm). Figure  4 is then the shear viscosity of the sphere suspensions in the Newtonian fluid. Table 1 ). It lies between 10 3 and 10 8 , showing that the Brownian motion can be neglected. These results clearly show that the suspensions studied in this work are not colloidal suspensions, but rather systems where hydrodynamic interactions prevail.
f f DEPENDENCE OF THE EFFECTIVE VISCOSITY
Mills [20] proposed an expression of the effective viscosity, in the case of Newtonian fluids, based on the calculation of the viscous energy dissipation per unit volume under simple shear. The physical argument is that the diffusion of the momentum is mediated via the viscosity of the fluid, as stressed above on discussing the Reynolds number, and instantaneous in the solid particles. Moreover, the effective shear rate, g · eff , is higher in the fluid than the one imposed to the suspension, g · 0 , because of the presence of the solid particles, as schematically illustrated in Fig.  8 . This hydrodynamic mechanism means that the presence of particles increases the local shear rate, so that the shear thinning behaviour is enhanced.
The viscous energy dissipation per unit volume of the effective medium under shear, h eff · g · 2 0 , must be the same as the interstitial fluid dissipation per unit volume under effective shear, g · eff , that is h 0 · g · 2 eff (1f), so that:
At low polymer concentrations, the flow curves exhibit a Newtonian viscosity plateau, which disappears at higher concentrations. At high shear rates, another Newtonian plateau is obtained for all suspensions. Between these two limit cases, the behaviour is characterised by a power law shearthinning regime over a large shear rate range : it is the behaviour of interest in this study.
ANALYSIS
FLOW REGIME
The particle Reynolds number in a shear-thinning fluid is calculated as follows: (2) where r is the fluid density, a is the particle radius, g · is the shear rate, k and n are the power law parameters. At shear rates ranging from 10 to 1000 s -1 and for the different k and n parameters given in Table 1 , the Reynolds number lies between 10 -10 to 0.1, showing that the main flow regime is the viscous dominated regime. The Peclet number characterising the ratio of Brownian to viscous contribution is defined as: Considering the geometric relation between the two characteristic lengths, L and l, shown in Fig. 8 :
the effective shear rate is linked with the actual shear rate (Gleisse & Hochstein [21] ) by: (6) so that: (7) f max being the maximum packing volume fraction, fixed at 57 %, that is the random packing volume fraction of monodisperse hard spheres.
g · DEPENDENCE OF THE EFFECTIVE VISCOSITY
Having the same physical insight, and following the same approach as that used above for a Newtonian fluid, we can propose an expression of the apparent viscosity for a power law fluid. Indeed the viscous energy dissipation of the effective medium must be the same as that of the interstitial fluid, taken into account the apparent interstitial viscosity and the local shear rate. The effective apparent viscosity, h a_eff , can then be written as a function of the real apparent viscosity, h a_0 , of the interstitial fluid:
Considering a power law interstitial fluid, the apparent viscosity,h a_0 , is expressed as: ( ) 1 f f taking into account that the interstitial fluid is sheared at the effective shear rate. Using Eqs. 8 and 9, and expressing the relation between the effective shear rate and the applied one (Eq. 6) we get:
Therefore:
The above expression shows that the power law index n plays a significant part not only in the shear rate dependency but also in the volume fraction dependency.
EXPERIMENTAL COMPARISON
SHEAR-THINNING INDEX
At a given polymer concentration, Eq. 11 shows that the value of the power law index n at all solid volume fractions should be the same. Figure 9 shows that, for a 500 ppm polymer suspending medium, this theoretical result is well confirmed experimentally. The same feature is exhibited at all polymer concentrations investigated.
EFFECTIVE CONSISTENCY k eff
For all samples tested, the consistency, k eff , was determined over the shear rate range where the fluid has a power law behaviour, by fitting the suspension flow curve with:
k eff is plotted as a function of the volume fraction at four polymer concentrations in Fig. 10 . The experimental value of k eff /k is systematically compared to the expression derived from Eq. 11: 
Figure 8 (left):
Schematic illustration of the relation between effective and real shear rate within the suspension (from Ref [21] ).
Figure 9:
Power law behaviour of suspensions containing 500 ppm Xanthan, at different solid volume fractions.
volume fraction, fixed at 0.57, which is in quite good agreement with theoretical predictions.
CONCLUSION
In this paper, experiments carried out on model suspensions of monodisperse buoyant hard spheres clearly show that the shear-thinning behaviour of the suspensions is governed by the shear-thinning properties of the suspending fluid. More precisely, the power law index n characterising the shear-thinning behaviour of the suspensions, over a large shear rate range, was shown to be equal to that characterising the shear-thinning behaviour of the suspending fluid, for various n values, ranging from 1 to 0.24. The experimental results were shown to be in quite good agreement with a phenomenological analysis of the apparent effective viscosity of the suspensions, which explicitly take into account the dependence with the shear rate, the power law suspending fluid parameters (consistency and power law index), and the solid volume fraction. In particular, the model predicts that the solid volume fraction dependence of the effective viscosity is all the more marked as the nonlinear behaviour is less marked, as shown by experimental results.
Using this phenomenological approach, all experimental results were plotted on a master curve, with only one adjustable parameter, the maximum packing volume fraction, the best fit was obtained for f m = 0.57, corresponding to the theoretical maximum random packing volume fraction.
From an industrial point of view, the fact that the shear-thinning behaviour of a suspension can be governed by the shear-thinning properties of the suspending fluid is very valuable. Indeed, increase of apparent viscosity due to solid particles can be limited by the choice of adapted power law interstitial fluids. In the case of cutting removal by drilling mud, the amount of solids is not controlled but imposed by the rate of penetration of the drilling process. Still, as 150 Applied Rheology Volume 16 · Issue 3 (13) Figure 10 clearly shows that the effect of the effective consistency index is all the more marked as the shear-thinning behaviour is less marked. From a more quantitative point of view, it shows that k eff /k increases by a factor 6 when the solid volume fraction increases from 15 to 45 % in a Newtonian suspending fluid, whereas the increase of the ratio k eff /k is only 2 for the same increase of volume fraction in a high shear-thinning suspending medium, characterized by a power law index n = 0.24.
To emphasise this point and to show the strong and explicit dependence of the suspension effective viscosity with n, we plot the evolution of k eff /k with 1n for different volume fractions in Fig. 11 .
MASTER CURVE
The different experimental results can be plotted on a master curve when considering the following quantity: (14) From Eq. 11, the dependence of x with the solid volume fraction should be simply:
(15) Figure 11 shows indeed that x versus f dependence follows Eq. 15 quite well with only one adjustable parameter, the maximum packing drilling muds behave like shear-thinning fluids, the choice of a suspending fluid with a small power law index n could be a way to limit the increase of viscosity for drilling with large rates of penetration. Enhancing the shear-thinning behaviour of the suspending fluid can be performed by adding carefully chosen polymers at appropriate concentrations. At last, we would like to point out that the present work was limited to the study of non-Newtonian viscous behaviour; future work will be concerned by the effect of other non-linearities, such as non-linear elastic properties. 
